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TBE PRODUCTION OF CARBOXYLIC ACIDS VIA TEE RADIOLYSIS OF 

CARBON DIOXIDE AUD ALXANE SOLUTIONS 

Louis Leos t Michael A. Sweeney 



bBSTBAGX: The production of Cl-C3 monocarboxylic a c i d s  was 

i n v e s t i g a t e d  by t h e  r a d i o l y s i s  of a i r - f r e e  C02 and a lkane  

s o l u t i o n s ,  u t i l i z i n g  a '37Cs 5- ray  source,  Samples were f i r s t  

and then analyzed by t h e  ' loaded on a vacuum system, i r r a d i a t e d ,  

H e w l e t t  Packard model 5890A gas chromatograph, Moreover, t h e  

samples were i r r a d i a t e d  w i t h  and without  added f e r r o u s  ion, 

Carbonaceous chondr i t e s  a r e  m e t e o r i t i c  s t o n e s  embedded wi th  

g r a n u l e s  abundant i n  carbon compounds. The organic  matter of 

these p a r t i c l e s  h a s  been ca t egor i zed  i n t o  three s e p a r a t e  c l a s s e s :  

I) organ ic  polymers, i n so lub le  i n  e i ther  chloroform o r  methanol 

2) hydrocarbons, s o l u b l e  i n  chloroform, and 3 )  po la r  organics ,  

s o l u b l e  i n  methanol, I s o t o p i c  s t u d i e s  i n  1982 showed t h a t  t h e  

methanol s o l u b l e  organics  and t h e  methanol i n so lub le  o rgan ic  

polymers had s e p a r a t e  and unique o r i g i n s  (1,2). S t u d i e s  of t h e  

i n s o l u b l e  organic  polymer f r a c t i o n  suggest  t h a t  its formation 

took p l a c e  e i ther  p r i o r  t o  o r  dur ing  m e t e o r i t i c  development 

(3 ,4 ) .  As fo r  t h e  so lub le  hydrocarbons, t h e  accepted hypothes is  

is t h a t  t hey  were synthesized by a Fischer-Tropsch mechanism ( 5 ) .  

Proposals  a s  t o  t h e  o r i g i n  of t h e  po la r  organics ,  which 

inc lude  t h e  monocarboxylic a c i d s  and t h e  amino acids, t a k e  i n t o  

account  a recent  i n v e s t i g a t i o n  by Yuen e t  a l ,  of monocarboxylic 

acid I3C t o  I2C r a t i o s  ( 6 ) .  T h i s  s tudy  concluded t h a t  a s  carbon 

number inc reases ,  t h e  decrease i n  t h e  13C t o  1% r a t i o  is 

analogous f o r  both t h e  s o l u b l e  hydrocarbons found on carbonaceous 

c h o n d r i t e s  and t h e  monocarboxylic a c i d s ,  except  t h a t  t h e  

monocarboxylic a c i d s  a r e  richer i n  I3C. Subsequently, " s ince  t h e  



carbonate  found on t h e  carbonaceous chondr i t e s  is heavier  than  

t h e  hydrocarbons, t h e  s imples t  hypothesis  would be t h a t  t h e  C02 

from t h e  carbonate  is added on t o  t h e  hydrocarbon backbone by 

some reac t ion"  (7). Furthermore, Hartman a t  MIT and co l l eagues  

have proposed t h a t  t h e  polar  organics  were synthesized dur ing  

outgass ing  of t h e  meteors (71, t h e  i n t e r i o r s  of which are 

expected t o  have contained C02, CO, N2 and NH3 disso lved  i n  an  

aqueous medium ( 8 , 9 ) .  The energy needed f o r  such r e a c t i o n s  could 

have come from r a d i o a c t i v e  decay, 

t h e  meteors (10). 

e s p e c i a l l y  from s p e c i e s  wi th in  

The conversion of ammonium carbonate  i n t o  s imple amino a c i d s  

v i a  T - r a d i a t i o n  has been reported by Paschke  e t  a l .  (111, and 

more r e c e n t l y  by Hartman e t  a l .  (7). The p r e s e n t  paper focuses  

on t h e  second component of t h e  po la r  organics ,  t h e  monocarboxylic 

ac ids .  

I t  has been shown by Garr ison e t  al.,  i n  1951, t h a t  C02 can 

be reduced t o  formic a c i d  upon i r r a d i a t i o n  of air-free C02 

s o l u t i o n s ,  and t h a t  i n  t h e  presence of f e r r o u s  ion  t h e  y i e l d  of 

product is  enhanced (12). In  1960,  Geto f f ,  Scholes  and Weiss 

exper imenta l ly  corroborated t h e s e  results,  and observed t h a t  t h e  

f e r r o u s  ion  may p r o t e c t  any formed products  from back r e a c t i o n  

wi th  any radiation-produced a c t i v e  s p e c i e s  by r eac t ing  wi th  t h e s e  

s p e c i e s  and becoming oxidized t o  t h e  f e r r i c  ion  (13). More 

r e c e n t l y ,  Kuklin e t  a l .  have demonstrated t h a t  acetic, formic 

and propionic  a c i d s  are t h e  p r i n c i p a l  products  from CO and CH 

gaseous mixtures exposed t o  lMeV e l e c t r o n s  (14). Following a 

s imilar  path,  Kurbanov e t  a l .  have p r imar i ly  formed acetic acid 
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along w i t h  t r a c e s  of formic and propionic  acids by ( 3 , n )  

r a d i o l y s i s  of CH4 and C02 systems (15). 

I n  our  i n v e s t i g a t i o n ,  t h e  r a d i o l y s i s  of C02 and hydrocarbons 

was conducted, and t h e  subsequent problems t h a t  were encountered 

i n  t h e  a n a l y s i s  f o r  monocarboxylic a c i d s  is repor ted  herein.  

BESL?LZS A D  R.ISCIISSZPN 

Before i r r a d i a t i o n  of t h e  s o l u t i o n s ,  it was observed t h a t  

sample numbers 40 & 71 contained a brown p r e c i p i t a t e  and had a 

ye l lowish  t i n t .  Kropp (16) showed similar f i n d i n g s  i n  s o l u t i o n s  

of ammonium carbonate  and f e r r o u s  su l fa te  t h a t  were about t o  be 

i r r a d i a t e d .  He a t t r i b u t e d  t h i s  phenomenon t o  t h e  f e r r o u s  and/or 

fe r r ic  , i o n s  p re sen t ,  b u t  he d i d n ' t  show t h a t  t h i s  causes  any 

adverse  e f f e c t s .  Sample number 71 was opened and analyzed f o r  

any premature F e ( I 1 )  ox ida t ion  t o  F e ( I I I ) ,  b u t  resu l t s  were 

nega t ive .  A new ampule was loaded wi th  i d e n t i c a l  make-up as t h e  

opened sample, and was designated as sample number 71 a l so .  

D i f f i c u l t y  due t o  t h e  response of t h e  columns t o  

The problems observed are I monocarboxylic acids was encountered. 

d i scussed  s e p a r a t e l y  and include: adsorp t ion ,  ghos t ing  of peaks, 

m u l t i p l e  peaks f o r  a c e t i c  acid, d i f f i c u l t y  wi th  t h e  aqueous 

phase, and lack  of r e p r o d u c i b i l i t y .  I t  m u s t  be s t a t e d  t h a t  more 

e x t e n s i v e  reviews on t h e  sources  of e r r o r  i n  GC a n a l y s i s  of 

simple monocarboxylic a c i d s  e x i s t  i n  t h e  l i t e r a t u r e ,  i nc lud ing  

t h a t  of Cochrane (17) and Van Eenaeme e t  a l .  (18). 

The problems of adsorp t ion  and ghos t ing  are c l o s e l y  l i n k e d ,  

i n  t h a t  adsorp t ion  causes t h e  ghos t ing  of peaks. Secondari ly ,  

a d s o r p t i o n  g e n e r a l l y  g ives  r ise t o  irregular shaped peaks and 
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t a i l i n g  of peaks. Adsorption occurs when t h e  i n j e c t e d  acid 

sample adheres  onto t h e  GC column suppor t  material. 

Subsequently,  when t h i s  adsorbed a c i d  is e l u t e d  by a s u f f i c i e n t l y  

more po la r  sample, a "ghost" peak is recorded. This  can lend  

u n c e r t a i n t y  t o  many peaks, and is a l s o  why t h e  knowledge of a 

sequence of i n j e c t i o n s  is paramount. 

F igures  I, 2 ti 3 i l l u s t r a t e  t h e  problem of adsorp t ion  and 

its ghos t ing  e f f e c t ;  a Porpak QS packed g l a s s  column was used. 

F igu re  1 is a chromatogram of a 1:1 (v/v) n e a t  mixture of acetic 

and propionic  a c i d s  ( R t =  1.00min and 2.16min r e s p e c t i v e l y ) .  

F i g u r e s  2 & 3 show subsequent and consecut ive  e l u t i o n s  of t h e  

a c i d  peaks by i n j e c t i o n s  of t h e  more p o l a r  formic ac id  ( i n j e c t e d  

n e a t ) .  Ghost peaks were seen f o r  acetic ac id  i n  both f i g u r e s  2 ti 

3 ( R t =  1.15min and 1.16min r e s p e c t i v e l y ) ,  w h i l e  a propionic  a c i d  

ghos t  peak was only observed i n  f i g u r e  2 ( R t =  2.38min). I t  

should be pointed ou t  t h a t  a flame i o n i z a t i o n  d e t e c t o r  ( F I D ) ,  

which was used throughout a l l  ana lyses ,  does not  respond t o  

formic ac id .  

Based on this f a c t ,  i n  1963 Ackman and Burgher (19) 

developed an a n a l y t i c a l  method t overcome any d i f f i c u l t i e s  

a s s o c i a t e d  with adsorpt ion.  T h e i r  suppos i t i on  was t h a t  s i n c e  

formic a c i d  is t h e  s t r o n g e s t  a c i d  of t h e  s imple monocarboxylic 

a c i d s  (ie., formic a c i d  has  a g r e a t e r  d i s s o c i a t i o n  c o n s t a n t ) ,  it 

would s t r o n g l y  bind t o  any adso rp t ion  s i t e s  p r e s e n t  on t h e  column 

suppor t  m a t e r i a l  and thus  prevent  t h e  C2-C6 a c i d s  from becoming 

adsorbed. Experimentally, t hey  made t h e  carrier gas ,  he l ium,  

p o l a r  by passing it over concent ra ted  formic ac id  be fo re  a l lowing 
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it t o  e n t e r  t h e  column. Analysis  of t h e  Cz -C6 monocarboxylic 

acids c a r r i e d  ou t  i n  t h i s  c o n t i n u a l l y  po la r  atmosphere resulted 

i n  symmetrical peaks without ghosting. Both Van Eenaeme e t  a l ,  

(18) and Cochrane (17,201 have confirmed t h i s  technique,  using 

both  n i t rogen  and he l ium a s  t h e  carrier gas. 

Cochrane (17) has a l s o  repor ted  a second method f o r  

e l i m i n a t i n g  adsorpt ion.  I t  e n t a i l s  t h e  i n j e c t i o n  of aqueous 

formic a c i d  s o l u t i o n  (SO%, v/v) i n  between sample i n j e c t i o n s .  

However, t h e  ghos t ing  effect  could no t  be completely el iminated.  

T h i s  second method was carried out  i n  t h e  p re sen t  i n v e s t i g a t i o n ,  

w i t h  t h e  modi f ica t ion  of i n j e c t i n g  formic a c i d  n e a t  i n  between 

sample i n j e c t i o n s .  Unfortunately,  results could n o t  be 

reproduced, a s  t h e  response of t h e  acids va r i ed  from i n j e c t i o n  t o  

i n j e c t i o n .  Accordingly, Van Eenaeme e t  a l ,  (18) found ghos t ing  

t o  be worse f o r  a c e t i c  and propionic  a c i d s  compared t o  any higher  

acids. Cochrane (17) as w e l l  has  repor ted  t h a t  a t  concen t r a t ions  

lower than  1000ppm, problems of ghos t ing  and t a i l i n g  inc rease  

d r a m a t i c a l l y  i f  formic ac id  i s n ' t  used i n  t h e  carrier gas. 

Ea r ly  work on t h e  phenomenon of ghos t ing  by Smith and 

Gosnel l  (21) , l a t e r  t o  be corroborated by Geddes . and Gilmour 

(221, showed t h a t  adsorp t ion  of C2-C6 acids on t h e  g l a s s  wool 

plug and on carbonaceous d e p o s i t s  i n  t h e  i n j e c t i o n  p o r t  was a 

major problem, and a leading  cause of excess ive  t a i l i n g  and 

ghos t ing ,  Smith and Gosnell (21) found t h a t  f r equen t  c l ean ing  of 

t h e  i n j e c t i o n  p o r t  chamber reduced adsorp t ion ,  whereas Geddes and 

Gilmour (22) overcame any adsorp t ion  problems through t h e  

i n t r o d u c t i o n  of formic a c i d  vapor i n t o  t h e  carrier gas ,  thereby  

a l s o  confirming t h e  e a r l i e r  work of Ackman and Burgher (19) .  I n  
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a d d i t i o n ,  O t t e n s t e i n  and Bar t l ey  (23) have reported t h e  

outs tanding  t o  

minimize adsorp t ion ,  Only t h e  c l e a n s i n g  of t h e  i n j e c t i o n  p o r t  

and t h e  replacement of t h e  septum was undertaken i n  t h e  p re sen t  

i n v e s t i g a t i o n ,  which r e s u l t e d  i n  a minimal decrease  i n  

adsorp t ion ,  

merits of coa t ing  t h e  g l a s s  wool plug with H3P04 

Problems were a l s o  encountered when analyzing acetic a c i d  i n  

t h e  aqueous phase, including t h a t  of r e p l i c a t i o n .  T h i s  

d i f f i c u l t y  has  a l so  been experience by Kaplanovg and Jansk (24)  

i n  t h e i r  review of t h e  s e p a r a t i o n  of monocarboxylic a c i d s  i n  

aqueous s o l u t i o n ,  F igures  4,  5 & 6 are chromatograms of a c e t i c  

a c i d  n e a t ,  IOo2 M s tandard ,  and M s tandard  r e spec t ive ly ;  a 

methyl s i l i c o n e  c a p i l l a r y  column was used, F igures  5 & 6 each 

show a t r i p l e  peak c h a r a c t e r i s t i c  f o r  a c e t i c  a c i d  i n  t h e  aqueous 

phase. Ackman and Burgher (19) occas iona l ly  observed two peaks 

f o r  acetic ac id ,  which appeared t o  depend upon t h e  amount of 

water p r e s e n t  i n  t h e  i n j e c t e d  sample, 

- 

An i n t e r e s t i n g  and p o s s i b l y  r e l a t e d  s ideno te  is an 

occurrence reported by Wills ( 2 5 ) .  H e  found t h a t  t h e  FID 

response t o  a cons t an t  amount of acetic ac id  dec reases  w i t h  t h e  

i n c r e a s e  of water p resen t  i n  t h e  sample. T h i s  was a t t r i b u t e d  t o  

t h e  water -ace t ic  ac id  hydrate  ( f i g u r e  7b1, which wasn't  de tec ted .  

If t h i s  water-acet ic  ac id  hydrate  was d e t e c t e d  and r e spons ib l e  

f o r  (191, 

then  perhaps t h e  t r i p l e  peak phenomenon shown i n  f i g u r e s  5 & 6 is 

d i r e c t l y  l inked.  The s p e c i e s  t h a t  may account f o r  these peaks 

are shown i n  f i g u r e  7. Specula t ion  as t o  t h e  t h i r d  peak may 

t h e  double peak formation noted by Ackman and Burgher 
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inc lude ,  among o ther  reasons,  t h e  behavior of aqueous a c e t i c  a c i d  

i n  t h e  p a r t i c u l a r  c a p i l l a r y  column u t i l i z e d ,  o r  t h e  fact  t h a t  

s p e c i e s  7a and 7b diverged i n t o  two s e p a r a t e  peaks, 

When i n j e c t i o n s  of water followed an i n j e c t i o n  of acetic 

a c i d  n e a t ,  t h e  f a m i l i a r  three peak p a t t e r n  was again observed. 

The chromatograms l a b e l l e d  as  f i g u r e s  8, 9 & 1 0  were obtained on 

t h e  same c a p i l l a r y  column, and exemplify t h i s  comportment; t h e  

d i f f e r e n c e  i n  R t  values between f i g u r e s  5 & 6 and 8, 9 & 1 0  

emphasizes t h e  problem of r e p r o d u c i b i l i t y  encountered from day t o  

day a n a l y s i s .  The e l u t i o n  of adsorbed a c e t i c  ac id  by water i n  

t h i s  f a sh ion  may g ive  f u r t h e r  credence t o  t h e  hydrate  theory  

p o s t u l a t e d  above. No f u r t h e r  i n v e s t i g a t i o n  was made i n t o  t h i s  

phenomenon, 

Unfortunately,  a n a l y s i s  was attempted f o r  only sample 18 

because of t h e  problems a l r eady  s p e c i f i e d ,  D i f f i c u l t y  was 

experienced i n  d u p l i c a t i n g  any chromatogram c h a r a c t e r i s t i c  of t h e  

sample's  component. As p a r t  of t h e  a n a l y s i s ,  e x t r a c t i o n s  of 

sample number 18, acetic a c i d  n e a t  and M acetic a c i d  

s tandard  w i t h  anhydrous e t h y l  e t h e r  were c a r r i e d  ou t ;  t h e  

c a p i l l a r y  column was used again. 

Chromatograms of t h e  ether l a y e r s  from sample number 18 and 

a c e t i c  a c i d  nea t  ( f i g u r e s  11 & 13 r e s p e c t i v e l y ) ,  resemble one 

ano the r  c l o s e l y .  The e x t r a c t e d  aqueous l a y e r  f o r  sample number 

18 ( f i g u r e  1 2 )  showed four  peaks (0,87min, 1.29min, 2.0lmin and 

2.37min1, whereas t h e  aqueous l a y e r  for acetic a c i d  n e a t  showed 

on ly  one major peak (1.76min, f i g u r e  14). One could t r y  t o  make 

a case t h a t  t h e  double peak phenomenon p rev ious ly  d iscussed  is 

a c t u a l l y  observed i n  f i g u r e  12 a t  2,Olmin and 2.37min, b u t  t h i s  
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I a s s e r t i o n  needs more suppor t ive  and reproducib le  data  t o  g a i n  

I v a l i d i t y  . 
When lom2 M acetic acid s tandard and acetic acid n e a t  were 

e x t r a c t e d  and compared, t h e  e t h e r  l a y e r s  of bo th  matched up 

n i c e l y  ( f i g u r e s  15 b 17 re spec t ive ly ) .  Two peaks were observed 

i n  t h e  M acetic acid s tandard  aqueous l a y e r  (2.08min and 

2.47min, f i g u r e  161, while  t h e  corresponding aqueous l a y e r  of 

acet ic  acid nea t  furn ished  a s i n g l e  peak (3.07min, f i g u r e  18). 

An i n t e r e s t i n g  observa t ion  is t h a t  both f i g u r e s  1 2  & 1 6  show two 

peaks wi th  similar r e t e n t i o n  times, t h e  f i r s t  around two minutes 

and t h e  second c l o s e  t o  two and a h a l f  minutes. Although t h i s  is 

c e r t a i n l y  no t  conclus ive  evidence of any kind, o p t i m i s t i c a l l y  one 

could say  t h a t  t h e  p o s s i b i l i t y  of acetic acid p r e s e n t  i n  sample 

number 18 gained a b i t  of co r robora t ion  by way of t h i s  

observat ion.  F u r t h e r  i n v e s t i g a t i o n  is warranted be fo re  any 

conclus ions  can be drawn. 

Water obtained from NASA Ames Research Center (Mountain 

V i e w ,  C a l i f . ) ,  p u r i f i e d  by ion  exchange, a c t i v e  cha rcoa l  and 

r eve r se  osmosis, was de-aerated by t h e  freeze-pump-thaw method on 

a vacuum system u t i l i z i n g  a General Electric model 1402 .vacuum 

pump. Ferrous s u l f a t e  heptahydrate  (MCB, A.C.S. reagent  grade)  

was weighed i n t o  b o r o s i l i c a t e  g l a s s  ampules, and de-aerated water 

was then  d i s t i l l e d  under vacuum i n t o  these con ta ine r s .  Methane, 

e thane  and C02 ( a l l  Mattheson, r e sea rch  grade) were l i k e w i s e  

d i s t i l l e d  i n t o  t h e  ampules. Since C02 is r e a d i l y  s o l u b l e  i n  
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water, on ly  low p res su res  of around 30 t o r r  were needed i n  o rde r  

t o  load t h i s  gas. With methane and ethane however, p re s su res  

c l o s e  t o  1 atm. were u t i l i z e d .  The ampules were then sea l ed  and 

weighed. A diaphragm gauge (Mattheson, t ype  316) along wi th  

thermocouple and d ischarge  vacuum gauges (Consolidated Vacuum 

Corp., type  GTC-100 and GPH-100C re spec t ive ly )  were used t o  

o b t a i n  a l l  p re s su re  values. 

FeS04 7H20 weights of 0.0556 gms. and 0.0111 gms., a long 

wi th  sample volumes of 20 ml were planned i n i t i a l l y .  This  would 

g i v e  0.01 M and 0.002 M f e r r o u s  s u l f a t e  respec t ive ly .  But t h e  

amount of water d i s t i l l e d  i n t o  t h e  ampules va r i ed  roughly between 

1 0  m l  and 20 m l ,  and so t h e  actual ferrous s u l f a t e  concen t r a t ions  

were s l i g h t l y  d i f f e r e n t  than those  planned i n i t i a l l y .  I t  is  

i n t e r e s t i n g  t o  note  t h a t  two samples were found t o  be d i sco lo red  

and t o  con ta in  a brown p r e c i p i t a t e  (sample numbers 40 and 71). 

Both had t h e  g r e a t e s t  concent ra t ion  of f e r r o u s  s u l f a t e ;  t h i s  

concen t r a t ion  was about 0.02M, twice t h e  amount t h a t  was 

i n i t i a l l y  considered t o  be used. Table I shows t h e  c o n t e n t s  of 

each sample. 

A l l  samples were irradiated i n  a 4500 c u r i e  (1.7E+14 

Becquerel) '37Cs source  (J. L. Shepherd Mark I, San J o s e  State 

Univers i ty)  a t  a dose ra te  of 7E+04 Rad/hr. Sample number 18,  

which was analyzed, received a t o t a l  exposure of 1.7 MRad. 

Analysis  was done on t h e  H e w l e t t  Packard model 5890A g a s  

chromatograph f i t t e d  with an  F I D ,  i nco rpora t ing  helium as t h e  

carr ier  g a s  and n i t rogen  as t h e  a u x i l i a r y  gas. Peak areas were 

determined by t h e  model 3392A i n t e g r a t o r ,  a l so  from Hewlett 

Packard. Both packed and c a p i l l a r y  columns were used. The 
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